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Abstract— StarLight is a NASA\JPL sponsored mission
that will demonstrate formation flying and interferometric
technologies needed for future missions such as Terrestrial
Planet Finder (TPF). The StarLight stellar interferometer is
composed of two spacecraft, a combiner spacecraft and a
collector spacecraft, forming separated apertures.

In this paper, the metrology pointing sensor of the StarLight
ground instrument prototype is characterized and a sidero-
stat pointing control loop is closed between two optical
benches with a 10 meter separation. The Formation Inter-
ferometer Testbed (FIT) metrology pointing sensor (MPS)
uses four photodiodes to detect gradients in the metrology
laser caused by relative motion of the two optical benches.
By differencing across the photodiodes, a measurement of
the laser beam centroid can be obtained. In the flight de-
sign, this signal is passed to the combiner spacecraft, via
an interspacecraft communication link, and used as a feed-
back signal to point a siderostat on the combiner spacecraft.

In this paper, a detailed model of the metrology pointing
sensor is described based exclusively on experimental data.
Both the sensitivity and dynamic range of the sensor are ef-
fectively described by this model. The effect of diffraction
in the laser light and air path noise on the sensor perfor-
mance are evaluated.

A nonlinear estimation algorithm is proposed that is capa-
ble of increasing the capture zone of the sensor by a factor
of two. This algorithm relies on using the photodiode sum
as an additional measurement.

The second part of this paper describes a siderostat point-
ing control algorithm that uses tachometer, encoder, and the
metrology pointing sensor as feedback signals in a nested
loop architecture. Experimental results are included that
demonstrate the tracking ability of this controller in the
presence of spacecraft relative motion caused by Attitude
Control System (ACS) deadbands.
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Figure 1. Photograph of the left side of the FIT instrument.
The path of the interspacecraft metrology beam is denoted
with annotated lines. In the foreground is the left siderostat.
The metrology pointing sensor (IGD) is in the background
mounted on the collector bench.
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1. INTRODUCTION

The FIT interferometer is a ground based prototype of
the two spacecraft StarLight instrument. StarLight is
a NASA/JPL sponsored technology development mission
that will demonstrate formation flying of two spacecraft
and interferometric stellar observations [1]. Both space-
craft are used to collect light from separated apertures
which is then combined to produced interference fringes



on the combiner spacecraft. The interspacecraft metrol-
ogy pointing system is used to maintain an optical link be-
tween the two spacecraft and thereby keep the boresights
of the metrology and starlight co-aligned. Maintaining the
metrology lock is also necessary to ensure a return signal
for the interspacecraft metrology gauge that is used to es-
timate the fringe position. Furthermore, information from
the metrology pointing system, in the form of range and
bearing measurements, can be used by the formation esti-
mator to calibrate the autonomous formation flying (AFF)
Sensors.

The pointing system is composed of a large aperture sidero-
stat on the left side of the combiner spacecraft and a point-
ing sensor on the collector spacecraft. The pointing sen-
sor is a JPL design developed specifically for the StarLight
mission [2]. It is an array of four photodiodes (See Figure
2.) that are selectively sensitive to the wavelength of the
metrology laser. By differencing across the photodiodes,
measurements of the laser beam position can be derived
which are then transferred across a communication link to
the combiner spacecraft and used as feedback signals to
point the left combiner siderostat.

The metrology pointing sensor assumes that the metrology
beam has a Gaussian distribution of intensity and operates
by detecting gradients in the photodiode voltages caused by
translation of the beam across the face of the sensor. The
measurement equations for the sensor are,

(‘/igdS + ‘/igdl) - (Vtigd4 + VtigdZ)

Vot = 1
e (‘/igdl + ‘/ing + V;gdB + Vvigd4 + Vbias) ( )

(Vigas + Vigas) — (Vigaz + Viga1)
(%gdl + ‘/igd2 + ‘/igd?: + V;gd4 + %z’a,s)

where V(. are the photodiode voltages and V4,5 is a con-
stant (Vi;qs = —1) that is used to keep the measurements
well defined when the beam is far from the sensor. Note
that V.- is a measurement of the beam location in the z’
direction and V,,, is a measurement of the beam location
in the ' direction (Refer to Figure 2 for coordinate frame
definitions.).
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The FIT testbed is comprised of three main optical benches.
The main bench is the combiner bench which collects light
on the right side of the instrument from the pseudostar
bench and on the left side of the instrument from the col-
lector bench. The collector bench is mounted on a 6 DOF
hexapod which allows simulation of spacecraft relative mo-
tion, caused in flight, by thruster ACS deadbands. A photo
of the left side of the instrument is shown in Figure 1. Note
the tube to the left of the photo that can be installed along
the path of the metrology beam to reduce the effect of air
turbulence.

The siderostat (Aerotech, AOM130-6M) used for metrol-
ogy pointing has local feedback of both position and ve-

Figure 2. Intensity gradient detector (IGD) photodiode
arrangement and coordinate frames. The primed frame is
referred to as the sensor frame and the unprimed frame is
referred to as the vertical frame.

locity provided by encoders mounted on the shafts of two
DC motors (BM75E). The amplifiers (BAL 20-40-A) were
configured in velocity mode to reduce the effect of friction.
The position loop has a closed loop bandwidth of approxi-
mately 40 Hertz in both azimuth and elevation axes.

2. SYSTEM CHARACTERIZATION
Backlash Investigation

The fundamental limitation on the pointing accuracy of
the Aerotech siderostats is backlash in the drive mecha-
nism. The Aerotech siderostats are equipped with a 1000
line encoder which, with 4X quadrature and a gear ratio of
25816.7:1, provide a knowledge resolution of up to 12.5
milli-arc seconds at the gimbals. This accuracy cannot be
achieved, however, because of backlash in the gimbal drive
mechanism.

To determine the actual pointing accuracy, the gimbal posi-
tion was directly measured using laser metrology. A silicon
based light sensitive position sensing device (OnTrak PSM
with OT-301 amplifier) with a calibrated scale factor of
2.0e-4 m/volt was used in conjunction with a He-Ne laser
source reflected off the mirror to measure the true position
of the siderostat gimbal. The PSM was placed 1.16 meters
from the mirror with the reflected laser beam impacting the
silicon die. An open loop velocity command (either sine or
triangle wave) was applied to a given axis while data was
recorded from both the encoder and PSM. Results for the
azimuth axis are shown in Figure 3. The backlash is clearly
detected as the separation of the two lines in this figure. At
the azimuth encoder the backlash is approximately 0.175
radians. This represents 1.4 arc seconds of backlash at the
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Figure 3. Backlash of the siderostat azimuth axis. Mea-

surements from both the azimuth encoder (x-axis) and an-

gular metrology (y-axis) were used to discern the effect of

backlash.

azimuth gimbal, much greater than the encoder resolution
would predict. The elevation axis was found to have about
0.39 arc seconds of backlash at the gimbal. In both cases
the amount of backlash was found to be highly dependent
on position.

As to the exact source of the backlash, some simple calcu-
lations reveal that the likely culprit is a threaded rod in the
Aecrotech mounts. The Aerotech drive mechanism is a three
stage device. The first stage consists of two sets of spur
gears each with a gear ratio of 5:1, for an effective gear
ratio, GRgspur, of 25:1. The output shaft of the gear box
drives a threaded rod with a pitch, p, of 0.113 mm/radian.
A universal joint then connects a nut driven by the threaded
rod to a lever arm, 7, of length 0.115 meters which acts to
move the gimbal axis. The overall gear ratio of the three

stages is,
1
GR = GRspur - 5 T 3)

The first spur gear has 20 teeth which means that for the
azimuth axis, there would have to be 0.5 teeth of back-
lash at this point to explain the amount of backlash seen
in this axis. The second contact point in the spur gear box
would require 0.1 teeth of backlash. In either case, it is un-
likely that there is this much backlash in the gear box, so
the source of the backlash is likely after the gear box. The
amount of play at the threaded rod to explain 1.4 arc sec-
onds of backlash at the gimbal is only 0.78 microns, or one
886.1th of a thread. This is much more likely the source of
the backlash. If the backlash is at this level, preloading the
gimbal should help reduce the backlash which was, in fact,
found to be the case.

Air Path Disturbance Modelling

In the FIT laboratory the metrology beam is deflected from
its nominal path by air currents in the lab. On the left side of
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Figure 4. Auto-covariance function of sampled IGD sig-
nals with and without a tube installed along the exposed air
path.

the interferometer, this error is sensed at the transfer flat on
the collector bench by the IGD sensor, and can be rejected
by moving the left combiner siderostat in an appropriate
manner. In flight, this feedback loop acts to take out any
attitude and translational deadbands caused by the space-
craft ACS. In the FIT lab these deadbands are simulated
by moving the collector hexapod. Thus, in the laboratory,
the IGD loop has the ducl job of taking out the relatively
low frequency interspacecraft motion and, if possible, re-
ject the pointing error caused by the higher frequency air
path disturbance.

The air path disturbance is by its nature stochastic, but ob-
servations of the photodiode voltages (sampled at 256 Hz)
reveal that it is correlated in time. Figure 4 reveals that the
air path process has a correlation time of approximately 0.3
seconds. This figure is a plot of the auto-covariance func-
tion,

Xeo(1) = E(2(1) - mg)(x(t —71) —mg)], )

where F[] is the expectation operator, and 1, is the mean
value of the signal z(¢), for the normalized IGD measure-
ables, Vj,,» and V,,, with and without the tube installed
between the optical benches. Note that with the tube, the
variance at all time shifts, 7, is smaller than without the
tube. Thus, the tube is somewhat effective at reducing the
effect of air turbulence on the beam path. This is what one
would expect since the volume of air that the metrology
beam passes through is contained and isolated from the ex-
ternal environment when the tube is present. The square
root of the peak value of the curves in Figure 4 represents
the standard deviation of the air path disturbance. The noise
equivalent angle (NEA) at the siderostat gimbal due to the
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Figure 5. PSD of normalized IGD signals with and with-
out a protective tube installed to mitigate the air path turbu-
lence. Solid lines represent a parametric fit of the frequency
domain data.

effect of air path is,

-1
20’Vnz, SGVnm’

NEAy, , = ¥ = +1.056 (arc seconds),
20v,,,9Gy
NFEAy, , = —2—}%# = £1.159 (arc seconds)

®

where R (10.26 meters) is the distance between the left
combiner siderostat and the collector IGD sensor and SG/.)
is the scale factor between V;,(.y and the displacement of
the beam centroid in the IGD coordinate frame. SGv, ,
and SGv, , were calculated by commanding the left com-
biner siderostat in azimuth and elevation a known amount,
and recording the resulting V. and Vi, values. A lin-
ear fit to this data gave SGv , = 160.86 1/meters and
SGVW, = 163.64 1/meters.

For the FIT interferometer ~ 1.0 arc seconds of beam jit-
ter at the left siderostat gimbal represents about 50 microns

of shear between the metrology and stellar beams at th
IGD transfer flat. This small amount of shea@

large enough to cause any alignment problems in
biner optics with either the incoming stellar light or return
metrology signal.

In order to simulate the effect of the air path turbulence
on the pointing control loops, a shaping filter can be de-
signed to match the spectral content of the air path distur-
bance. The PSD of the sampled time series for V,,,(¢) and
Vny (t) is shown in Figure 5. The slope in this plot is -
80 dB/decade which indicates that a second order transfer
function is needed to model the spectral content of the sam-
pled data. Assuming a two pole model of the form,

k

H(8) = ——
(s) s2+as+b’

©

where we take as the input, zero mean Gaussian white
noise, w(t), with auto-covariance function,
Ew)w(t —1)]=Q4(r), (@=1) (N

we can parameterize | H (jw)|? in the following linear form,

a2 —2b
P! = [-Pww? —pw) 1| ¥ |, (8)
N’ ~ - k2
Y A
(2]

where 9 (w) is the spectral power, | H (jw)|?, at a given fre-
quency, w. To solve for the transfer function parameters, ©,
this equation can be inverted using a frequency weighted
least squares calculation,

0 =(ATWA) 'ATWY, )

where W is the weighting matrix (diagonal), Y € ®*1! is
the vector of left hand values of Equation (8) at n frequency
points, and A € ®1X3 s the matrix of regressor vectors.
This calculation results in the following shaping filters for
the case of no tube in the beam path.

3.5

s2 4+ 98.1s +409.1
2.5

2 +85.85+211.6

Vnz’ (5) =

wy,,, (s)

Voy (8) = wy,_,(s) 10)

For implementation in the pointing simulation testbed,
these filters were converted to a state space realization and
discretized using a first order approximation of the state
transition matrix.

x(t) = Ax(t) + Bw(t), V=Cx() =
x((k + 1)AL) = Agx(kAt) + Bawg(kAt),
Va(y (KAL) = Cx(kAt) (11)

The matrices A4 and By are defined based on the solution
of the continuous time system at discrete time intervals.

A4 = exp(AAL) (12)
BBl =T 13)
T = exp(AAL)[BQBT AL — %ARBQBTAT

—%AtzABQBT + él-At3ABQBTAT l(exp(AAL)T
(14)

The factorization of B, in Equation (13) is performed using
a Cholesky decomposition. Note that even though the con-
tinuous time system has a scalar random input, the equiv-
alent discrete time system has a vector random input with
auto-covariance function,

E [wa(k)wa(j)] = Téi;- (15)
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Figure 6. Output voltage of the 4th photodiode as a func-
tion of metrology beam location. Note diffraction ripples in
both directions caused by the square aperture of the metrol-
ogy spider.

In characterizing the air path disturbance we have assumed
that the random variations in the sampled IGD voltages are
due to air currents and not vibrations of the optical bench.
If vibrations were responsible for the variations observed
from the IGD signals, one would expect that the 4 IGD
voltages would be highly correlated in time with one an-
other. This was found not to be the case, however, as the
largest correlation coefficient was found to be 0.56, which
means only ~ 25 percent of the data in a scatter (x-y) plot
between any two of the IGD voltages can be explained us-
ing a linear relationship . In either case, the source of the
variations are of secondary interest as the control loops will
act to reject these disturbances regardless of their source.

Another finding on the effect of air path turbulence in the
FIT laboratory is that the amount of pointing error caused
by the air path disturbances does not depend on distance.
This is perhaps counter to what one might initially think.
This effect was observed during the backlash investigation
by placing the PSM at different distances from the sidero-
stat mirror. The motivation for doing this was to see which
placement gave the best resolution of gimbal angle. For
the three distances, 210 mm, 1700 mm, and 10000 mm that
were tried, the amplitude of the air path disturbance calcu-
lated by,
Vp—p - 0.2 (mm/volt)

Beam Error = , (16)
range

where V;,_, is the quiescent (i.e. no siderostat motion) peak
to peak variation in PSM voltage, was found to be approx-
imately 1.0 arc seconds for all three placements of the sen-
sor. This implies that the air turbulence causes Vo—p t0
scale linearly with range.

Sensor Characterization

The previous section characterized the stochastic behav-
ior of the IGD signals. What remains, is to determine
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Figure 7. Plot of V,,;» as a function of beam position. Note
irregularities in the surface along the cross axis.

the bias in each of the IGD signals as a function of the
beam displacement. We already have a coarse model for
the bias from calculating SGy,, and SGVW, in Equa-
tions (5). A more accurate model of the static IGD output
was obtained by scanning the metrology beam across the
face of the transfer flat and sampling the four IGD signals.
The scanning was sinusoidal in the azimuth direction and
ramped downward in the elevation direction from a position
slightly above the IGD sensor. Figure 6 shows the result of
this experiment for the 4th IGD photodiode. This figure is
essentially a photograph of the metrology beam intensity.
To model the IGD sensor in the simulation testbed, look up
tables containing the data shown in Figure 6, for each of
the four photodiodes were used.

Note the diffraction pattern that is superimposed on F igure
6. This pattern is caused by obscuration of the metrology
beam as it exits the square aperture of a metrology spider
located on the combiner bench. The effect of these ripples,
together with possibly too large of a photodiode radius rel-
ative to the beam diameter, is to introduce a large amount
of uncertainty in the relationship between the IGD measur-
ables, Equations (1)-(2), and beam location. Knowledge
of this relationship becomes important during design of the
metrology pointing control algorithm. In addition, if an es-
timator (i.e. Kalman Filter) is used to estimate the impact
position of the metrology beam based on IGD measure-
ments, this uncertainty could cause either local minimum
in the optimization algorithm or large estimation errors due
to the modelling error introduced by the smoothing of the
surfaces that would be necessary. These effects were ob-
served using an estimator design based on Fourier trans-
forms to model the surface functions V5 = V. («',y)
and Vi = Vi (2, ).

Figure 7 is a plot of V2 (', ). Note in this figure that the
IGD measurable, V,,4/, is not a single valued function. The
measurement is linear within a certain distance (~ +6.0
mm) of the photodiode array center, beyond which it de-
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creases back to zero as the beam no longer exposes any of
the photodiodes. As a result, the capture range of the sensor
is restricted to be within the linear range, since otherwise
it would not be possible to discern, from a given measure-
ment, whether or not the beam was inside or outside of the
linear range. To overcome this limitation, measurements
(1) and (2) can be augmented with the sum measureable,

Ve = Viga1 + Vigaz + Vigas + Vigaa. a”n

The sum information is enough to clarify the beam position
ambiguity. If the sum is large, then the beam is within the
linear region, else if the sum is small then the beam is out-
side the linear region. An estimator of the beam position
would then use measurements in the form of,

Vnm’
Vay | =h(z',7), (18)
Vs

where h(z’,y’) is a highly nonlinear vector function. Theo-
retically, with noiseless measurements, this approach offers
the possibility of making the capture range of the sensor in-
finite. Practically, however, we should expect a 2X increase
in the capture range. This idea is not pursued further in this
paper as it would require a significant divergence from the
intended topics of the paper.

3. ACQUISITION

The acquisition of the metrology signal is a critical step in
the observation sequence of the instrument. It represents
the first optical link between the two spacecraft and is a
prerequisite for acquisition of the left side starlight. To ac-
quire feedback signals from the IGD sensor for the metrol-
ogy loop, a spiral search is performed. The search is de-
signed to be optimal within the constraint that the velocity
limits on the siderostat are never exceeded. To achieve this,
we parameterize the search in polar coordinates with,

-9
r= 27(6
g=f(1), (19)

where r and 6 are the polar coordinates of a cartesian frame
located at the center of the IGD sensor. g is the spacing be-
tween adjacent spirals, which should be configured to be
less then the dynamic range of the IGD sensor. f(t) is
some, as yet, undetermined function of time. This func-
tion can be specified by observing that if the local velocity
along the pathlength of the spiral is constant, the velocity
commands to the siderostat axes will be sinusoids with a
constant amplitude. This amplitude can be adjusted to be
slightly less than the siderostat velocity limit by specifying
the pathlength velocity. In cartesian coordinates the path-
length velocity is given by,

s =22+ 192, (20)
where,

z = 7 cos(f)
y = rsin(6). 21

Substituting Equations (21) and (19) into (20), we arrive at
the following differential equation,

(2ms/g)?

IO=515q:  TO=0 @

which describes the time evolution of 8(¢) for the optimal
spiral search. This equation was solved numerically, in real
time, for trajectory generation of the acquisition spiral. The
(+) solution is used for outward spirals and the ( —) solu-
tion is used for inward spirals. The siderostat encoder com-
mands are obtained from,

Opzi. = — (

z
=3. 23
2d> GR, (23)
where z and y come from Equation (21) and d is the sepa-
ration between the spacecraft.

Although we have formulated the problem with respect to
constraints on the siderostat velocity, the solution is also
applicable to situations which have a velocity constraint on
the spiral imposed by the sensor’s ability to detect changing
signals.

4. CONTROLLER DESIGN

A model of the pointing system is shown in Figure 8. This
model includes three effects on the beam position sensed
by the IGD sensor. First, is the effect from moving the
siderostats, which is the controlled variable in the system.
Second, is the stochastic air path disturbance. Third is the
hexapod motion which is modelled as a ramp position dis-
turbance. Even though the actual interaction of the 6 DOF
hexapod motion with the IGD sensor is much more com-
plicated, this model should be adequate for the small trans-
lations and rotations of the hexapod that simulate thruster
deadbands.

Note that because the siderostat azimuth and elevation axes
control the beam position in vertical frame, and the mea-
surements are made in the sensor frame, the sensor and
actuator are coupled by the rotation matrix, R?. The ma-
trix K in Figure 8 represents the interspacecraft kinemat-
ics, which for the flight system would include the effects of
spacecraft attitudes and relative position. For the FIT lab,
this matrix was taken to be simply,

—2.R 0
Kz[o —2~R}' @9

Looking a Figure 8, the controller first acts to invert the
input\ output relationship of the IGD sensor using a linear
approximation,

o [s6v., o 17!
SGlz[ (;/M sGy ] . (25)
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Figure 8. Model of IGD pointing system and control algorithm. The effect of hexapod motion, air path turbulence, and
backlash are included in the pointing model. The controller diagonalizes the system and controls each axis as though they
were SISO loops.
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Figure 9. Open loop, closed loop, and disturbance attenu-
ation of the metrology pointing system.

The pointing system is then diagonalized by inverting the
coupling between the sensor frame and siderostat gimbals.
The error signal is then mapped to encoder space with the
K~! and GR control gains. With the system decoupled the
dynamic part of the compensator can now be designed as
if there were no coupling [3]. This is advantageous since
SISO (Single Input Single Output) design can be less con-
servative then MIMO (Multiple Input Multiple Output) de-
sign. The azimuth and elevation loop shapes can be de-
signed separately by treating,

CIEP(5)GH% (s) (26)
CEHP(s)GL (s) (27)

as the effective open loop transfer functions. G52 (s) and
G3P(s) in these equations are the closed loop transfer
functions from desired encoder position to actual encoder
position.

Loop Shaping

To reject the air path disturbance the open loop control sys-
tem must have a crossover well above the poles of the dis-
turbance process. This ensures that the sensitivity of the
control error to air path disturbances,

-1

T 14 CSP5)GEP(s)’

S(s) (28)

is small at frequencies where the disturbance is large. To
achieve significant disturbance attenuation the compen-
sator would have to be designed to provided an open loop
bandwidth of approximately 50.0 Hz. Simulations of a
system with this bandwidth displayed oscillatory behavior.
The likely source of the instability was phase lag induced
by the siderostat backlash [4]. It was empirically deter-
mined that the maximum bandwidth achievable in the labo-
ratory was approximately 2.0 Hz (See Figure 9.). With this
bandwidth, achieving any significant atmospheric rejection
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Figure 10. Experimental response of the metrology point-
ing system to disturbances introduced by hexapod motion.

was not possible and the goal of the IGD control loop was
limited to taking out the lower frequency hexapod motions.

Spacecraft thruster deadbands introduce “ramp” type dis-
turbances into the metrology pointing system. In order to
have zero steady state error with this type of disturbance,
the compensator is required to have two integrators. Two
phase lead components and a notch filter were added to
achieve a graceful degradation of the phase in the crossover
region. The overall compensator was 6th order. A prefilter
was added to the input channels to avoid saturation from
step changes in the target IGD measurables. Note that com-
mands are given to the pointing loop in terms of desired
Vo and Vi, values. This is convenient in that commands
between +1.0 are guaranteed to be within the capture range
of the sensor.

Experimental Results

The response of the control system is shown in Figure 10.
The hexapod was commanded to move in both translation
and rotation. The translational motion was in a plane per-
pendicular to the metrology beam, first in the horizontal
direction and second in the vertical direction, both at a rate
of 0.5 mm/second., twice the “observation” mode control
requirement for a 40 meter baseline [5]. The rotational mo-
tion was along each of the axes of the hexapod coordinate
frame by an amount of £0.5 degrees.

Note that as the hexapod is slewed in the horizontal direc-
tion, the siderostat azimuth axis moves to track the location
of the IGD. When the hexapod is slewed in the vertical di-
rection, the elevation axis responds to track the IGD. In
either case, the IGD signals asymptotically approach zero
confirming proper operation of the control system. The sec-
ond half of Figure 10 shows the response of the control sys-
tem to rotational motion of the hexapod. The control errors
are larger in this case, but the rotation rate was well above
the attitude rate control specification [5].
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5. CONCLUSIONS

This paper has presented a pointing model and control algo-
rithm for the FIT angular metrology system. Performance
of the system was demonstrated to be sufficient to cancel
the effects of the spacecraft relative motion. For flight, it is
anticipated that the basic structure of the algorithm could
remain relatively unchanged. Modifications for varying
baselines and changing relative attitudes of the two space-
craft should be straightforward. Since the IGD measure-
ments are normalized, the sensor gain should be insensitive
to attenuation of the beam intensity for larger spacecraft
separations. In flight, a single calibration of the sensor at
an intermediate spacecraft separation should be adequate
for control purposes.

The backlash in the Aerotech siderostats was found to limit
both the pointing accuracy and bandwidth of the control
system. It should be mentioned that similar backlash num-
bers for this Aerotech model have been reported from the
Keck interferometer. A direct drive gimbal would be more
appropriate for interferometry applications.
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Abstract— StarLight is a NASANJPL sponsored mission
that will demonstrate formation flying and interferometric
technologies needed for future missions such as Terrestrial
Planet Finder (TPF). The StarLight stellar interferometer is
composed of two spacecraft, a combiner spacecraft and a
collector spacecraft, forming separated apertures.

In this paper, the metrology pointing sensor of the StarLight
ground instrument prototype is characterized and a sidero-
stat pointing control loop is closed between two optical
benches with a 10 meter separation. The Formation Inter-
ferometer Testbed (F IT) metrology pointing sensor (MPS)
uses four photodiodes to detect gradients in the metrology
laser caused by relative motion of the two optical benches.
By differencing across the photodiodes, a measurement of
the laser beam centroid can be obtained. In the flight de-
sign, this signal is passed to the combiner spacecraft, via
an interspacecraft communication link, and used as a feed-
back signal to point a siderostat on the combiner spacecraft.

In this paper, a detailed model of the metrology pointing
sensor is described based exclusively on experimental data.
Both the sensitivity and dynamic range of the sensor are ef-
fectively described by this model. The effect of diffraction
in the laser light and air path noise on the sensor perfor-
mance are evaluated.

A nonlinear estimation algorithm is proposed that is capa-
ble of increasing the capture zone of the sensor by a factor
of two. This algorithm relies on using the photodiode sum
as an additional measurement.

The second part of this paper describes a siderostat point-
ing control algorithm that uses tachometer, encoder, and the
metrology pointing sensor as feedback signals in a nested
loop architecture, Experimental results are included that
demonstrate the tracking ability of this controller in the
presence of spacecraft relative motion caused by Attitude
Control System (ACS) deadbands.
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Figure 1. Photograph of the left side of the FIT instrument.
The path of the interspacecraft metrology beam is denoted
with annotated lines. In the foreground is the left siderostat.
The metrology pointing sensor (IGD) is in the background
mounted on the collector bench,
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1. INTRODUCTION

The FIT interferometer is a ground based prototype of
the two spacecraft StarLight instrument, StarLight is
a NASA/JPL sponsored technology development mission
that will demonstrate formation flying of two spacecraft
and interferometric stellar observations [1]. Both Space-



craft are used to collect light from separated apertures
which is then combined to produced interference fringes
on the combiner spacecraft. The interspacecraft metrol-
0gy pointing system is used to maintain an optical link be-
tween the two spacecraft and thereby keep the boresights
of the metrology and starlight co-aligned. Maintaining the
metrology lock is also nhecessary to ensure a return signal
for the interspacecraft metrology gauge that is used to es-
timate the fringe position. Furthermore, information from
the metrology pointing system, in the form of range and
bearing measurements, can be used by the formation esti-
mator to calibrate the autonomous formation flying (AFF)
Sensors.

The pointing system is composed of a large aperture sidero-
stat on the left side of the combiner spacecraft and a point-
ing sensor on the collector spacecraft. The pointing sen-
sor is a JPL design developed specifically for the StarLight
mission [2]. It is an array of four photodiodes (See Figure
2.) that are selectively sensitive to the wavelength of the
metrology laser. By differencing across the photodiodes,
measurements of the laser beam position can be derived
which are then transferred across a communication link to
the combiner spacecraft and used as feedback signals to
point the left combiner siderostat.

The metrology pointing sensor assumes that the metrology
beam has a Gaussian distribution of intensity and operates
by detecting gradients in the photodiode voltages caused by
translation of the beam across the face of the sensor. The
measurement equations for the sensor are,

(Vigas + Vigar) — (Vigaa + Vigaz)
(Vigd1 + Vigaz + Vigas + Vigda + Viias)

Ve = (M

(Vigds + Vigas) — (Vigaz + Viga1)
(Viga1 + Vigaz + Vigas + Vigda + Viias)

@

Vay =

where Wy are the photodiode voltages and Vj,, is a con-
stant (Vjp, = —1) that is used to keep the measurements
well defined when the beam is far from the sensor. Note
that V,,,+ is a measurement of the beam location in the 7’
direction and Vg 1s a measurement of the beam location
in the y' direction (Refer to Figure 2 for coordinate frame
definitions.).

The FIT testbed is comprised of three main optical benches.
The main bench is the combiner bench which collects light
on the right side of the instrument from the pseudostar
bench and on the left side of the instrument from the col-
lector bench. The collector bench is mounted on a 6 DOF
hexapod which allows simulation of spacecraft relative mo-
tion, caused in flight, by thruster ACS deadbands. A photo
of the left side of the instrument is shown in Figure 1. Note
the tube to the left of the photo that can be installed along
the path of the metrology beam to reduce the effect of air
turbulence.

1GD4 IGD1

Figure 2. Intensity gradient detector (IGD) photodiode
arrangement and coordinate frames. The primed frame is
referred to as the sensor frame and the unprimed frame is
referred to as the vertical frame.

The siderostat (Aerotech, AOM130-6M) used for metrol-
ogy pointing has local feedback of both position and ve-
locity provided by encoders mounted on the shafts of two
DC motors (BM75E). The amplifiers (BAL 20-40-A) were
configured in velocity mode to reduce the effect of friction,
The position loop has a closed loop bandwidth of approxi-
mately 40 Hertz in both azimuth and elevation axes.

2. SYSTEM CHARACTERIZATION
Backlash Investigation

The fundamental limitation on the pointing accuracy of
the Aerotech siderostats is backlash in the drive mecha-
nism. The Aerotech siderostats are equipped with a 1000
line encoder which, with 4X quadrature and a gear ratio of
25816.7:1, provide a knowledge resolution of up to 12.5
milli-arc seconds at the gimbals. This accuracy cannot be
achieved, however, because of backlash in the gimbal drive
mechanism.

To determine the actual pointing accuracy, the gimbal posi-
tion was directly measured using laser metrology. A silicon
based light sensitive position sensing device (OnTrak PSM
with OT-301 amplifier) with a calibrated scale factor of
2.0e-4 m/volt was used in conjunction with a He-Ne laser
source reflected off the mirror to measure the true position
of the siderostat gimbal. The PSM was placed 1.16 meters
from the mirror with the reflected laser beam impacting the
silicon die. An open loop velocity command (either sine or
triangle wave) was applied to a given axis while data was
recorded from both the encoder and PSM. Results for the
azimuth axis are shown in F igure 3. The backlash is clearly
detected as the separation of the two lines in this figure. At
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Figure 3. Backlash of the siderostat azimuth axis. Mea-
surements from both the azimuth encoder (x-axis) and an-
gular metrology (y-axis) were used to discern the effect of
backlash.

the azimuth encoder the backlash is approximately 0.175
radians. This represents 1.4 arc seconds of backlash at the
azimuth gimbal, much greater than the encoder resolution
would predict. The elevation axis was found to have about
0.39 arc seconds of backlash at the gimbal. In both cases
the amount of backlash was found to be highly dependent
on position.

As to the exact source of the backlash, some simple calcu-
lations reveal that the likely culprit is a threaded rod in the
Aerotech mounts. The Aerotech drive mechanism is a three
stage device. The first stage consists of two sets of spur
gears each with a gear ratio of 5:1, for an effective gear
ratio, GRypyr, of 25:1. The output shaft of the gear box
drives a threaded rod with a pitch, p, of 0.113 mm/radian.
A universal joint then connects a nut driven by the threaded
rod to a lever arm, 7, of length 0.115 meters which acts to
move the gimbal axis. The overall gear ratio of the three
stages is,

1

GR =GR,y - S 3)

The first spur gear has 20 teeth which means that for the
azimuth axis, there would have to be 0.5 teeth of back-
lash at this point to explain the amount of backlash seen
in this axis. The second contact point in the spur gear box
would require 0.1 teeth of backlash. In either case, it is un-
likely that there is this much backlash in the gear box, so
the source of the backlash is likely after the gear box. The
amount of play at the threaded rod to explain 1.4 arc sec-
onds of backlash at the gimbal is only 0.78 microns, or one
886.1th of a thread. This is much more likely the source of
the backlash. If the backlash is at this level, preloading the
gimbal should help reduce the backlash which was, in fact,
found to be the case.

x107° Covariance Function
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Time Shift (sec.)
Figure 4. Auto-covariance function of sampled IGD sig-
nals with and without a tube installed along the exposed air
path.

Air Path Disturbance Modelling

In the FIT laboratory the metrology beam is deflected from
its nominal path by air currents in the lab. On the left side of
the interferometer, this error is sensed at the transfer flat on
the collector bench by the IGD sensor, and can be rejected
by moving the left combiner siderostat in an appropriate
manner. In flight, this feedback loop acts to take out any
attitude and translational deadbands caused by the space-
craft ACS. In the FIT lab these deadbands are simulated
by moving the collector hexapod. Thus, in the laboratory,
the IGD loop has the duel Jjob of taking out the relatively
low frequency interspacecraft motion and, if possible, re-
Ject the pointing error caused by the higher frequency air
path disturbance.

The air path disturbance is by its nature stochastic, but ob-
servations of the photodiode voltages (sampled at 256 Hz)
reveal that it is correlated in time. F igure 4 reveals that the
air path process has a correlation time of approximately 0.3
seconds. This figure is a plot of the auto-covariance func-
tion,

Kaalr) = Bl(@(r) ~ mz)(@(t — 1) —my)], (4)

where E[] is the expectation operator, and m,, is the mean
value of the signal z(t), for the normalized IGD measure-
ables, V,,,- and Vo, with and without the tube installed
between the optical benches. Note that with the tube, the
variance at all time shifts, 7, is smaller than without the
tube. Thus, the tube is somewhat effective at reducing the
effect of air turbulence on the beam path. This is what one
would expect since the volume of air that the metrology
beam passes through is contained and isolated from the ex-
ternal environment when the tube is present. The square
root of the peak value of the curves in Figure 4 represents
the standard deviation of the air path disturbance. The noise
equivalent angle (NEA) at the siderostat gimbal due to the
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Figure 5. PSD of normalized IGD signals with and with-
out a protective tube installed to mitigate the air path turby-
lence. Solid lines represent a parametric fit of the frequency
domain data.

effect of air path is,

20y, ,SG

NEAy , = % = +1.056 (arc seconds),
2oy, ,SGy!

NEAy, , = y2R -~ = +1.159 (arc seconds)

®

where R (10.26 meters) is the distance between the left
combiner siderostat and the collector IGD sensor and SG. )
is the scale factor between V() and the displacement of
the beam centroid in the IGD coordinate frame. SGVM,
and SG v,,,» Were calculated by commanding the left com-
biner siderostat in azimuth and elevation a known amount,
and recording the resulting V.., and Vay values. A lin-
ear fit to this data gave SGVM, = 160.86 1/meters and
SGVM, = 163.64 1/meters.

For the FIT interferometer ~ 1.0 arc seconds of beam jitter
at the left siderostat gimbal represents about 50 microns of
shear between the metrology and stellar beams at the IGD
transfer flat. This small amount of shear is not large enough
to cause any alignment problems in the combiner optics
with either the incoming stellar light or return metrology
signal,

In order to simulate the effect of the air path turbulence
on the pointing control loops, a shaping filter can be de-
signed to match the spectral content of the air path distur-
bance. The PSD of the sampled time series for Ve (t) and
Vi (t) is shown in Figure 5. The slope in this plot is -
80 dB/decade which indicates that a second order transfer
function is needed to model the spectral content of the sam-
pled data. Assuming a two pole model of the form,

k

H(s)= ——2%
(s) 2 +as+b’

(6)

where we take as the input, zero mean Gaussian white
noise, w(t), with auto-covariance function,

Flu@uw(t - )] = Qs(r), (Q=1) @)

We can parameterize | H (jw)|? in the following linear form,

a® — 2
Pt = [t —p(w) 1] O
Y A .
1)

where 9 (w) is the spectral power, |H (jw)[?, at a given fre-
quency, w. To solve for the transfer function parameters, ©,
this equation can be inverted using a frequency weighted
least squares calculation,

0 =(ATWA) 1ATWY, )

where W is the weighting matrix (diagonal), Y € ®nx1 g
the vector of left hand values of Equation (8) atn frequency
points, and A € R2%3 is the matrix of regressor vectors.
This calculation results in the following shaping filters for
the case of no tube in the beam path.

3.5
V) = e de a0 e )
2.5
)= s TaiTg e ) (10

For implementation in the pointing simulation testbed,
these filters were converted to a state space realization and
discretized using a first order approximation of the state
transition matrix,

x(t) = Ax(t) + Bw(t), V= Cx(t) =
X((k + I)At) = AdX(kAt) + Bdwd(kAt),
Vo (kALY = Cx(kat) (1 1)

The matrices A, and B, are defined based on the solution
of the continuous time system at discrete time intervals,

Aq = exp(AAL) (12)
BBl =T (13)
I' = exp(AAt) [ BQBT At — %AtQBQBTAT
—%AtQABQBT + %AtsABQBTAT}(exp(AAt))T
(14)

The factorization of B in Equation (13) is performed using
a Cholesky decomposition. Note that even though the con-
tinuous time system has a scalar random input, the equiv-
alent discrete time system has a vector random input with
auto-covariance function,

E [Wd(k)wd(j)J = I‘Jk]-. (15)
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Figure 6. Output voltage of the 4th photodiode as a func-
tion of metrology beam location. Note diffraction ripples in
both directions caused by the square aperture of the metrol-
ogy spider.

In characterizing the air path disturbance we have assumed
that the random variations in the sampled IGD voltages are
due to air currents and not vibrations of the optical bench.
If vibrations were responsible for the variations observed
from the IGD signals, one would expect that the 4 IGD
voltages would be highly correlated in time with one an-
other. This was found not to be the case, however, as the
largest correlation coefficient was found to be 0.56, which
means only ~ 25 percent of the data in a scatter (x-y) plot
between any two of the IGD voltages can be explained us-
ing a linear relationship . In either case, the source of the
variations are of secondary interest as the control loops will
act to reject these disturbances regardless of their source.

Another finding on the effect of air path turbulence in the
FIT laboratory is that the amount of pointing error caused
by the air path disturbances does not depend on distance.
This is perhaps counter to what one might initially think.
This effect was observed during the backlash investigation
by placing the PSM at different distances from the sidero-
stat mirror. The motivation for doing this was to see which
placement gave the best resolution of gimbal angle. For
the three distances, 210 mm, 1700 mm, and 10000 mm that
were tried, the amplitude of the air path disturbance calcu-
lated by,
Vo—p - 0.2 (mm/volt)

Beam Error = , (16)
range

where V,,_, is the quiescent (i.e. no siderostat motion) peak
to peak variation in PSM voltage, was found to be approx-
imately 1.0 arc seconds for all three placements of the sen-
sor. This implies that the air turbulence causes Vop to
scale linearly with range.

Sensor Characterization

The previous section characterized the stochastic behav-
ior of the IGD signals. What remains, is to determine

1GD Measurable, V
nxp

[

. 005" -
Y in Sensor Frame (m) 00 005 X in Sensor Frame (m)

Figure 7. Plot of V,,,+ as a function of beam position. Note
irregularities in the surface along the cross axis.

the bias in each of the IGD signals as a function of the
beam displacement. We already have a coarse model for
the bias from calculating SGy, _, and SG’VM, in Equa-
tions (5). A more accurate model of the static IGD output
was obtained by scanning the metrology beam across the
face of the transfer flat and sampling the four IGD signals,
The scanning was sinusoidal in the azimuth direction and
ramped downward in the elevation direction from a position
slightly above the IGD sensor. F igure 6 shows the result of
this experiment for the 4th IGD photodiode. This figure is
essentially a photograph of the metrology beam intensity.
To model the IGD sensor in the simulation testbed, look up
tables containing the data shown in Figure 6, for each of
the four photodiodes were used.

Note the diffraction pattern that is superimposed on Figure
6. This pattern is caused by obscuration of the metrology
beam as it exits the square aperture of a metrology spider
located on the combiner bench. The effect of these ripples,
together with possibly too large of a photodiode radius rel-
ative to the beam diameter, is to introduce a large amount
of uncertainty in the relationship between the IGD measut-
ables, Equations (1)-(2), and beam location. Knowledge
of this relationship becomes important during design of the
metrology pointing control algorithm. In addition, if an es-
timator (i.e. Kalman Filter) is used to estimate the impact
position of the metrology beam based on IGD measure-
ments, this uncertainty could cause either local minimum
in the optimization algorithm or large estimation errors due
to the modelling error introduced by the smoothing of the
surfaces that would be necessary to avoid the local mini-
mum. These effects were observed using an estimator de-
sign based on Fourier transforms to model the surface func-
tions Ve = Vo (2', ') and Vay = Vo (2, ).

Figure 7 is a plot of V,,q+ (', ). Note in this figure that the
IGD measurable, V,,,., is not a single valued function. The
measurement is linear within a certain distance (~£6.0
mm) of the photodiode array center, beyond which it de-



creases back to zero as the beam no longer exposes any of
the photodiodes. As a result, the capture range of the sensor
is restricted to be within the linear range, since otherwise
it would not be possible to discern, from a given measure-
ment, whether or not the beam was inside or outside of the
linear range. To overcome this limitation, measurements
(1) and (2) can be augmented with the sum measureable,

Ve = Viga1 + Vigaz + Vigas + Vigda. 17)

The sum information is enough to clarify the beam position
ambiguity. If the sum is large, then the beam is within the
linear region, else if the sum is small then the beam is out-
side the linear region. An estimator of the beam position
would then use measurements in the form of,

Vnm'
Vay | =h(z',y), (18)
Vs

where h(z’, ') is a highly nonlinear vector function. Theo-
retically, with noiseless measurements, this approach offers
the possibility of making the capture range of the sensor in-
finite. Practically, however, we should expecta 2X increase
in the capture range. This idea is not pursued further in this
paper as it would require a significant divergence from the
intended topics of the paper.

3. ACQUISITION

The acquisition of the metrology signal is a critical step in
the observation sequence of the instrument. It represents
the first optical link between the two spacecraft and is a
prerequisite for acquisition of the left side starlight. To ac-
quire feedback signals from the IGD sensor for the metrol-
ogy loop, a spiral search is performed. The search is de-
signed to be optimal within the constraint that the velocity
limits on the siderostat are never exceeded. To achieve this,
we parameterize the search in polar coordinates with,

-9
r= 27r0
0= f(t), (19)

where r and 6 are the polar coordinates of a cartesian frame
located at the center of the IGD sensor. g is the spacing be-
tween adjacent spirals, which should be configured to be
less then the dynamic range of the IGD sensor. f(¢) is
some, as yet, undetermined function of time. This func-
tion can be specified by observing that if the local velocity
along the pathlength of the spiral is constant, the velocity
commands to the siderostat axes will be sinusoids with a
constant amplitude. This amplitude can be adjusted to be
slightly less than the siderostat velocity limit by specifying
the pathlength velocity. In cartesian coordinates the path-
length velocity is given by,

s =12 + 42, (20)
where,

x = 7 cos(d)
y = rsin(8). 21)

Substituting Equations (21) and (19) into (20), we arrive at
the following differential equation,

f'(t)=i\/% fo=0, (@

which describes the time evolution of 0(t) for the optimal
spiral search. This equation was solved numerically, in real
time, for trajectory generation of the acquisition spiral. The
(+) solution is used for outward spirals and the (—) solu-
tion is used for inward spirals. The siderostat encoder com-
mands are obtained from,

Oasi. = - (55) - GR, (23)

where  and y come from Equation (21) and d is the sepa-
ration between the spacecraft.

Although we have formulated the problem with respect to
constraints on the siderostat velocity, the solution is also
applicable to situations which have a velocity constraint on
the spiral imposed by the sensor’s ability to detect changing
signals.

4. CONTROLLER DESIGN

A model of the pointing system is shown in Figure 8. This
model includes three effects on the beam position sensed
by the IGD sensor. First, is the effect from moving the
siderostats, which is the controlled variable in the system.,
Second, is the stochastic air path disturbance. Third is the
hexapod motion which is modelled as a ramp position dis-
turbance. Even though the actual interaction of the 6 DOF
hexapod motion with the IGD sensor is much more com-
plicated, this model should be adequate for the small trans-
lations and rotations of the hexapod that simulate thruster
deadbands.

Note that because the siderostat azimuth and elevation axes
control the beam position in vertical frame, and the mea-
surements are made in the sensor frame, the sensor and
actuator are coupled by the rotation matrix, RT. The ma-
trix K in Figure 8 represents the interspacecraft kinemat-
ics, which for the flight system would include the effects of
spacecraft attitudes and relative position. For the FIT lab,
this matrix was taken to be simply,

-2.R 0
K:[ 0 -2~RJ' (24)

Looking a Figure 8, the controller first acts to invert the
input\ output relationship of the IGD sensor using a linear
approximation,

SGy 0o 17!
(;’m J ) (25)

-1 _
5G71 = [ Gy,
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Figure 9. Open loop, closed loop, and disturbance attenu-
ation of the metrology pointing system.

The pointing system is then diagonalized by inverting the
coupling between the sensor frame and siderostat gimbals.
The error signal is then mapped to encoder space with the
K~! and GR control gains. With the system decoupled the
dynamic part of the compensator can now be designed as
if there were no coupling [3]. This is advantageous since
SISO (Single Input Single Output) design can be less con-
servative then MIMO (Multiple Input Multiple Output) de-
sign. The azimuth and elevation loop shapes can be de-
signed separately by treating,

CHSP(s)G32(s) (26)
CiP(s)GE(s) 27)

as the effective open loop transfer functions. G52 (s) and
G3P(s) in these equations are the closed loop transfer
functions from desired encoder position to actual encoder
position.

Loop Shaping

To reject the air path disturbance the open loop control sys-
tem must have a crossover well above the poles of the dis-
turbance process. This ensures that the sensitivity of the
control error to air path disturbances,

-1
1+ C[SP(5)GEP(s)’

S(s) = (28)

is small at frequencies where the disturbance is large. To
achieve significant disturbance attenuation the compen-
sator would have to be designed to provided an open loop
bandwidth of approximately 50.0 Hz. Simulations of a
system with this bandwidth displayed oscillatory behavior.
The likely source of the instability was phase lag induced
by the siderostat backlash [4]. It was empirically deter-
mined that the maximum bandwidth achievable in the labo-
ratory was approximately 2.0 Hz (See Figure 9.). With this
bandwidth, achieving any significant atmospheric rejection

IGD Loop Responsa to Hexapod Disturbances
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Figure 10. Experimental response of the metrology point-
ing system to disturbances introduced by hexapod motion.

was not possible and the goal of the IGD control loop was
limited to taking out the lower frequency hexapod motions.

Spacecraft thruster deadbands introduce “ramp” type dis-
turbances into the metrology pointing system. In order to
have zero steady state error with this type of disturbance,
the compensator is required to have two integrators. Two
phase lead components and a notch filter were added to
achieve a graceful degradation of the phase in the crossover
region. The overall compensator was 6th order. A prefilter
was added to the input channels to avoid saturation from
step changes in the target IGD measurables. Note that com-
mands are given to the pointing loop in terms of desired
Vna and Vi values. This is convenient in that commands
between £1.0 are guaranteed to be within the capture range
of the sensor.

Experimental Results

The response of the control system is shown in Figure 10,
The hexapod was commanded to move in both translation
and rotation. The translational motion was in a plane per-
pendicular to the metrology beam, first in the horizontal
direction and second in the vertical direction, both at a rate
of 0.5 mm/second., twice the “observation” mode control
requirement for a 40 meter baseline [5]. The rotational mo-
tion was along each of the axes of the hexapod coordinate
frame by an amount of £0.5 degrees.

Note that as the hexapod is slewed in the horizontal direc-
tion, the siderostat azimuth axis moves to track the location
of the IGD. When the hexapod is slewed in the vertical di-
rection, the elevation axis responds to track the IGD. In
either case, the IGD signals asymptotically approach zero
confirming proper operation of the control system. The sec-
ond half of Figure 10 shows the response of the control sys-
tem to rotational motion of the hexapod. The control errors
are larger in this case, but the rotation rate was well above
the attitude rate control specification [5].



5. CONCLUSIONS

This paper has presented a pointing model and control algo-
rithm for the FIT angular metrology system. Performance
of the system was demonstrated to be sufficient to cancel
the effects of the spacecraft relative motion. For flight, it is
anticipated that the basic structure of the algorithm could
remain relatively unchanged. Modifications for varying
baselines and changing relative attitudes of the two space-
craft should be straightforward. Since the IGD measure-
ments are normalized, the sensor gain should be insensitive
to attenuation of the beam intensity for larger spacecraft
separations. In flight, a single calibration of the sensor at
an intermediate spacecraft separation should be adequate
for control purposes.

The backlash in the Aerotech siderostats was found to limit
both the pointing accuracy and bandwidth of the control
system. It should be mentioned that similar backlash num-
bers for this Aerotech model have been reported from the
Keck interferometer. A direct drive gimbal would be more
appropriate for interferometry applications.
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